The interaction of bacteria with surfaces has important implications in a range of areas, including bioenergy, biofouling, biofilm formation, and the infection of plants and animals. Many of the interactions of bacteria with surfaces produce changes in the expression of genes that influence cell morphology and behavior, including genes essential for motility and surface attachment. Despite the attention that these phenotypes have garnered, the bacterial systems used for sensing and responding to surfaces are still not well understood. An understanding of these mechanisms will guide the development of new classes of materials that inhibit and promote cell growth, and complement studies of the physiology of bacteria in contact with surfaces. Recent studies from a range of fields in science and engineering are poised to guide future investigations in this area. This review summarizes recent studies on bacteria-surface interactions, discusses mechanisms of surface sensing and consequences of cell attachment, provides an overview of surfaces that have been used in bacterial studies, and highlights unanswered questions in this field.
Introduction to microbial surface sensing
Molecular phylogeny and geobiology suggest that microorganisms emerged $3.5 to 3.8 billion years ago, 1,2 a mere billion years aer the formation of the Earth. Since that time, microbes have done remarkably well-their total number on Earth is estimated to be 4 to 6 Â 10 30 , and they are found in nearly every terrestrial environment sampled to date. 3 A central hypothesis in microbiology is that the majority of bacteria in the biosphere live in communities that are associated with surfaces, 4 and that this association has played an important role in the success of bacteria in colonizing different environments. In addition to nucleating cell growth into communities, surfaces have a range of characteristics that protect cells from predation and other environmental threats and facilitate the conservation of the genotype.
Bacterial attachment to surfaces has long been a topic of study. Several of the rst reports on this subject came from P. S. Meadows, who examined the effect of salinity on attachment of both marine and freshwater organisms to glass slides. 5 Many early studies focused on attachment to biotic surfaces such as teeth 6 and epithelial cells, 7, 8 and an interest in abiotic surfaces soon followed. [9] [10] [11] [12] [13] [14] The number of papers indexed by PubMed on bacterial attachment to surfaces was less than 10 per year throughout the 1970s and increased to 115 in 2011. 15 Early reviews in this area, including an excellent discussion of the attachment of Staphylococcus aureus to surfaces by Katsikogianni and Missirlis, 16 set the stage for many of the advances that have occurred in the past decade.
Advantages of bacterial attachment to surfaces
Adhering to surfaces provides bacteria with many advantages. Attachment to horizontal surfaces stimulates bacterial growth (particularly in nutrient-poor environments) as organic material suspended in liquid settles, is deposited on surfaces, and increases the local concentration of nutrients. 17 Similarly, increasing the substrate surface area (e.g., by adding glass beads to a culture container) provides more area on which nutrients can adsorb, enabling cells to grow at nutrient concentrations that would normally be too low to support growth. 18 Caulobacter crescentus is a fascinating example of a bacterium that takes advantage of surface attachment to optimize nutrient uptake. C. crescentus oscillates between stalked cells that adhere tightly to surfaces using a protein holdfast and motile cells that lack this organelle and instead have a polar agellum. This phenotypic switch makes it possible for cells to adapt to both nutrient-rich (favoring motility) and nutrient-poor (favoring adhesion) environments.
19
In addition to surface attachment facilitating nutrient capture, some bacteria obtain necessary metabolites and co-factors directly from the surfaces to which they adhere. Shewanella and other genera of bacteria that grow on metal surfaces can use metals such as iron and magnesium as terminal electron acceptors in respiration. 20, 21 Extracellular organelles facilitate the transport of ions between cells and surfaces. For example, Geobacter sulfurreducens uses pili to conduct charge transport between cells and surfaces. Shewanella oneidensis uses an outer membrane protein complex to form an electron bridge between the periplasm and the extracellular environment.
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Bacteria attached to surfaces oen exist as biolms, which play several protective roles. The extracellular polymeric substance (EPS) secreted by cells in biolms that are attached to surfaces provides protection from mechanical damage and shear caused by uid ow. 23, 24 Additionally, biolms oen exhibit resistance to antibiotic treatment. 4 Several different mechanisms contribute to this resistance, including (1) the barrier function of the biolm matrix; (2) the presence of dormant persister cells and highly resistant small colony variants; and (3) upregulation of several biolm-specic antibiotic resistance genes. These and other mechanisms are reviewed in detail by Mah and O'Toole.
25,26
Furthermore, recent experiments have demonstrated that cells adhered to surfaces and not associated with biolms have resistance proles that are similar to biolm cells. 27, 28 This resistance phenotype does not require mutations in genomic DNA, as the process is reversible and cells become susceptible to antibiotics aer detachment. John et al. suggest that surface attachment facilitates antibiotic resistance by two primary mechanisms: (1) reducing the net negative charge on bacterial cells; and (2) enhancing the stability of the membrane.
27
Mutations in genes that produce similar phenotypes decrease the susceptibility of bacteria to antibiotics. These data suggest that the attachment of bacteria to surfaces alters their metabolic state and reduces antibiotic susceptibility, which is a common feature of bacteria during the stationary phase of cell growth. 29 Even surface attachment per se may not be required for this phenotype, as very high densities of cells (similar to the densities obtained in a biolm) also display antibiotic resistance. 30 However, attachment to surfaces is one means by which bacterial communities can attain such high densities.
In addition to antibiotic resistance, cells in biolms oen gain protection from predators. When exposed to protozoa, the bacterium Serratia marcescens rapidly forms surface-associated microcolonies-an early stage in biolm formation-that protect cells from grazing by these predators. 31 Mechanisms of chemical sensing trigger the production of compounds that are toxic to protozoans during S. marcescens biolm development, which provides a further layer of protection from predation.
Bacteria that are attached to surfaces-particularly those associated with biolms-may become specialized in comparison to cells in other regions of the community. 32 In Bacillus subtilis biolms, motile cells, EPS-producing cells, and sporeforming cells are localized to different regions within the biolm. Strains of B. subtilis that are unable to form structured biolms do not sporulate, which suggests that localization/ specialization is required for the formation of bacterial spores.
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Similarly, surface-associated microcolonies and biolms of Pseudomonas aeruginosa contain groups of cells that display differential motility and susceptibility to antimicrobial agents.
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Surface sensing is a precursor to swarming, an important adaptive behavior in which contact between cells and surfaces programs morphological changes that facilitate cooperative behavior, rapid community growth, and migration of communities. 36, 37 Swarming motility has been reported in at least 15 different genera of bacteria from different natural habitats.
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Several mechanisms of adaptation have been reported during bacterial swarming, including reduced susceptibility to antibiotics 38, 39 and mutualistic interactions with fungal spores. 40 In B. subtilis swarming colonies, spatially distinct groups of cells express different levels of agellin-the protein that assembles into the agellar lament-and have different cell morphologies. 41, 42 Similarly, Proteus mirabilis cells with distinct cell morphologies are found in different regions of swarming communities.
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Cells in bacterial communities such as swarms or biolms interact with each other in several different ways. Bacteria are able to communicate through the use of small molecule chemical messengers in a process referred to as 'quorum sensing'. 45 The dense packing of cells in bacterial communities facilitates an increase in the concentration of small molecules that transfer information between cells and trigger physiological changes. 46 The shape of chemical gradients in close proximity to surfaces enhances the exchange of chemical information within biolms and communities attached to surfaces. [47] [48] [49] Lateral gene transfer is also enhanced in biolms compared to planktonic cells freely suspended in uids. 50 Additionally, surface-associated growth induces phenotypes that promote "natural competence" in Vibrio cholerae. 51 Myxobacteria cells that are associated with biolms even exchange outer membrane proteins and lipids.
52
Adhering to surfaces also has several disadvantages, including the inhibition of motility, oen due to a "switch" in the activation of genes involved in motility and adhesion: for example, genes coding for agella may be turned off by the same transcriptional regulator that turns on genes for extracellular matrix production. [53] [54] [55] Inhibiting cell motility prevents cells from searching for optimal environments when nutrients become depleted. Bacterial cells may overcome this disadvantage (and others) in certain environments by sensing surfaces and triggering surface-associated phenotypes that activate motility and prevent adhesion. For example, the process of swarming provides many of the same advantages described earlier, activates cell motility, and provides a mechanism for actively capturing nutrients.
38 Some pathogens also use surface sensing as a trigger to upregulate virulence factors as a prelude to invasion of the host.
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Mechanisms of bacterial attachment
Many bacteria are freely suspended in bulk uids before attaching to surfaces. Motile bacteria occupy one of three regions of uids: (1) bulk liquid, where the cells do not experience effects from the surface; (2) near-surface bulk liquid, where the cells experience the hydrodynamic effects of the surface; and (3) near-surface constrained, where the cells experience both the hydrodynamic and physicochemical (i.e. van der Waals and electrostatic forces) effects of the surface.
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The role of physicochemical effects in bacterial adhesion to surfaces has been reviewed in detail by Bos and colleagues. 58 At low and moderate uid velocities, non-motile bacteria adhere to surfaces. At high uid velocity, non-motile bacteria are transported with the ow of uids and do not attach.
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Motile bacteria attach to surfaces regardless of uid velocity. Importantly, the difference between motile and non-motile bacteria occurs only when motile cells actuate their agella; bacteria with non-functional agella adhere similarly to cells lacking agella. 59 The buoyant density of bacteria (i.e. E. coli) is usually 1.06-1.13 g mL À1 , 60 and leads to the slow deposition of cells onto surfaces from suspension in bulk liquid. Sedimentation rates for different marine bacteria have been measured and range from 10 to 30 mm h À1 . 61 Interestingly, the buoyant density of E. coli cells increases as they enter stationary phase, which facilitates their rapid deposition on surfaces. 62 Populations of cells that make contact with surfaces may thus be enriched with stationary phase cells. In contrast, the buoyant density of Vibrio parahaemolyticus cells decreases as they enter stationary phase.
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Upon contacting surfaces, cell attachment occurs in two phases. Initial attachment is reversible, occurs rapidly (on the order of $1 min), 64, 65 and involves hydrodynamic and electrostatic interactions. During this time period, the adhesive force between bacteria and surfaces increases rapidly. A similar phenomenon has been observed for the attachment of polystyrene beads to a surface, 66 and several observations suggest that this phenomenon is due to physicochemical effects (and not biological effects) including: (1) the loss of interfacial water; (2) structural changes in surface molecules; and (3) repositioning of the cell body to maximize attachment to the surface.
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Most bacteria have a net negative surface charge-particularly during the early stationary phase of cell growth
68
-and interact preferentially with positively charged surfaces. This effect disappears in high ionic strength media due to charge screening. 69 Quorum sensing in E. coli causes an increase in the negative charge on cell surfaces, which may facilitate the interaction of bacteria with surfaces during the initial stages of biolm formation.
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The second step of attachment is irreversible, occurs on a time scale of several hours, and involves van der Waals interactions between the hydrophobic region of the outer cell wall and the surface. 69 In addition, several proteins play roles in the transition from reversible to irreversible cell attachment. The cytoplasmic P. aeruginosa protein SadB is required for this transition, although its mechanism is unknown. 71 In E. coli, both lipopolysaccharide (LPS) and pili increase the initial rate of cell attachment and the rate of conversion to irreversible attachment. 72 In Pseudomonas uorescens, an ABC transporter and a secreted protein are required for irreversible attachment. 73 Irreversible attachment is also facilitated by the production of EPS, which anchors cells to surfaces.
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The rst clue that some bacteria can interact specically with certain surfaces came from early observations that different bacteria occupying the same niche do not necessarily interact with the same surfaces. Streptococcus mutans binds to teeth but not the tongue; Streptococcus salivarius displays an opposite preference. 75 Bacteria have several different classes of extracellular organelles that mediate specic attachment to surfaces, including agella, pili (also called mbriae), and curli bers (Fig. 1A) . 76 These organelles are frequently terminated with proteins referred to as adhesins, which bind to molecules presented on the surface of hosts. Two E. coli examples include type I pili, which bind to glycoproteins that present alpha-D-mannose, and type IV pili, which bind to phosphatidylethanolamine.
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Several species of oral bacteria adhere specically to proline-rich proteins in saliva. 78, 79 One particularly interesting example of specic attachment involves Flavobacterium johnsoniae. SprB is an adhesin that is required for F. johnsoniae motility on agar (not on glass). SprB binds to agar surfaces, is moved along the cell surface, and produces cell motion relative to the agar surface. Predicted homologs of SprB in the F. johnsoniae genome may facilitate cell attachment and motility on surfaces other than agar.
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Reversible cell attachment does not necessarily lead to irreversible attachment during surface colonization. In E. coli, weak cell adhesion facilitated by the pilus tip adhesin FimH enables cells to roll along surfaces. FimH mediates binding to glycoproteins that have N-linked oligosaccharides presenting terminal mannose residues.
81 FimH binding to mono-mannose is dependent on shear stress, with a certain threshold level of force required to switch from weak to strong adherence. 82 Anderson and co-workers observed that a wild type strain of E. coli that adhered weakly to mannosylated surfaces colonized the surface more rapidly than a mutant strain only capable of strong (irreversible) attachment. 83 
Cell attachment to different classes of materials
Bacterial attachment to surfaces is problematic in a wide range of areas, including medical implants, 84 water purication systems, 85 and industrial processes. 86 The biofouling of metal ship hulls frequently begins with bacterial adhesion before progressing to larger marine organisms, and despite the use of anti-fouling coatings has been estimated to cost $$56 bn per year (US) for a single class of Navy ships. 87 Thermodynamics plays a central role in regulating the binding of bacteria to surfaces. Cells attach preferentially to hydrophilic materials (i.e., materials with a large surface energy) when the surface energy of the bacterium is larger than the surface energy of the liquid in which they are suspended. The surface energy of bacteria is typically smaller than the surface energy of liquids in which cells are suspended, and this mismatch causes cells to attach preferentially to hydrophobic materials (i.e., materials with lower surface energies). 88 Bacteria are able to attach to a wide variety of different materials, including glass, aluminum, stainless steel, various organic polymers, 72 and uorinated materials such as TeonÔ.
89 Table 1 summarizes relevant studies in this area and the diversity of materials used to study bacterial adhesion to surfaces. Banerjee et al. have recently reviewed the materials aspects of bacterial adhesion in detail.
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Bacteria also attach to surfaces that initially resist the attachment of cells. This process occurs through the deposition of a layer of proteins-including proteins found naturally in the environment as well as those secreted by bacteria-that "condition" the surface and mask functional groups that reduce cell adhesion. 91, 92 The formation of conditioning layers presents a challenge for creating surfaces that are bacteria-resistant. An excellent case in point is surfaces that present quaternary ammonium salts, which are initially bactericidal before conditioning layers are deposited. 93, 94 Despite the challenges presented by biofouling, the development of surfaces that resist bacterial attachment is an active area of research. Several strategies have been described for reducing the attachment of bacteria, including: (1) controlling surface chemistry; 95 and (2) controlling structural properties of surfaces (Fig. 1B) . 96 Zwitterionic surfaces such as betaine [97] [98] [99] and silver-impregnated surfaces that slowly release silver ions are among the most effective chemical strategies for inhibiting the attachment of bacteria to surfaces. Another strategy is the use of thermoresponsive hydrogels, such as poly(N-isopropylacrylamide). Above a critical temperature, this polymer undergoes a phase transition and presents a hydrophobic surface that facilitates cell attachment and growth. When the temperature is decreased, the polymer swells and presents a hydrophilic surface, and adsorbed cells are released from the surface.
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Polymer brushes, in which one end of a polymer is attached to a surface and the polymer chain is extended into solution, have been successfully used as anti-adhesive coatings.
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Surfaces coated with Pluronic F-127-a tri-block co-polymer of polyethylene oxide and polypropylene oxide-reduce the initial attachment and growth rate of Staphylococcus aureus and Staphylococcus epidermidis and enable the removal of biolms consisting of these organisms using uid ow. 103 The same study found that Pluronic F-127-coated surfaces had no effect on P. aeruginosa adhesion and biolm removal. Polymer brushes can also be functionalized with antimicrobial peptides, which enhance the overall antimicrobial activity of the surface.
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Physical strategies for reducing attachment have frequently been inspired by natural materials such as shark skin and lotus leaves. 96 Several examples of structured materials that are designed to reduce bacterial attachment include SharkletÔ technology, 105 nanostructured surfaces with a low effective stiffness, 106 and slippery liquid-infused porous surfaces.
107
These and other strategies for preventing bacterial attachment have recently been reviewed in depth. 84, 90, 108 A shi away from materials that prevent cell attachment to materials that enhance growth may provide insight into the properties of surfaces sensed by bacteria and the biological machinery that is involved in this process.
Mechanisms of sensing surfaces and surface properties sensed by bacteria
Cells that compare a signal input at a time interval to the total signal at a previous time interval are capable of sensing spatial gradients (e.g., a cell that moves from one position at time t 1 to another position at time t 2 can evaluate the relative concentrations of a given signal at the two time points). 109 The canonical example of this process in bacteria is the chemotaxis system, which uses membrane-embedded receptors to detect the concentration of extracellular small molecules and ions and inuences the direction of bacterial motility. 110 Recent evidence demonstrates that bacteria are also capable of sensing spatial changes in concentrations in certain conditions. Cells of S. aureus sense the binding of surface ligands to receptors on one side of the cell body and respond by localizing receptors to the surface-associated region.
111 This process involves the response of a cell to a step-function rather than an extracellular gradient per se; however, it indicates that bacteria can distinguish between signals arising from spatially distinct subsets of cell surface receptors.
An example of chemical gradients impacting surface-associated bacteria occurs during biolm formation. Cells adhering to surfaces may trap ions and small molecules in the thin layer of uid positioned between the cell body and the surface, which forms a microenvironment that has different properties than the bulk liquid (Fig. 1C) . When E. coli adheres to surfaces, the pH of uid close to the surface decreases below the pH of the bulk liquid phase and persists for at least 72 h. 112 The Cpx twocomponent system may play a role in connecting pH sensing and cell-surface responses. 113 This system is also involved in regulating the expression and assembly of pili in E. coli.
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Additionally, the decrease in the pH of uids in close proximity to surface-associated cells enhances the proton motive force and directly affects cellular bioenergetics.
116 Cells adhering to surfaces have been shown to produce 2-5-fold more ATP per cell than non-adherent cells.
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Similarly to pH, the osmolality of liquids in close proximity to surfaces also changes rapidly when cells attach to substrates. Gram-negative bacteria sense osmolality using OmpA, 118 and this process leads to changes in the transcription of other genes. OmpA represses cellulose production through the Cpx pathway and increases biolm formation in E. coli. 118 This role for OmpA may be conserved among bacteria (or at least among g-proteobacteria), as CpxA-mediated sensing of pH by OmpA has been identied as a required element for biolm formation in Sodalis glossinidius, an endosymbiont of the tsetse y.
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OmpR is a cytoplasmic response regulator that is activated by EnvZ and derepresses the expression of genes that code for pili. 115 Increases in osmolality stabilize conformations of the cytoplasmic domain of EnvZ and increase the autophosphorylation and activation of OmpR.
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As some surfaces release soluble compounds that attract bacteria, sensing may begin before bacteria come into direct contact with the surface. Chitin is a homopolymer consisting of N-acetyl-D-glucosamine (GlcNAc) and is the second-most abundant natural polysaccharide on the Earth. The degradation of chitin produces GlcNAc monomers and oligomers, which are chemoattractants of V. cholerae.
121 V. cholerae cells that sense and move towards the source of GlcNAc adhere to chitin surfaces using type IV MSHA pili.
121 Cells sense the presence of GlcNAc oligomers using the protein ChiS 122 and respond by upregulating the transcription of numerous genes, including genes that code for chitinolytic enzymes and components of type IV pili.
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Bacteria that attach to surfaces become physically constrained by the close proximity of both the surface itself and adjacent attached cells. These physical constraints can inhibit the rotation of the agella on motile bacterial cells, which alters cell physiology. The inuence of surfaces, viscous liquids, and anti-agella antibodies on the rotation of agella on V. parahaemolyticus, 123 S. marcescens, 124 and P. mirabilis 125 is sensed by cells and triggers surface-related morphological changes such as those discussed in detail below. While it is unclear exactly how the signal from the agella is transduced, it has been hypothesized that the membrane-associated Umo proteins play a role in P. mirabilis.
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Other membrane-based mechanisms also play a role in surface sensing. For example, the induction of the Cpx signaling pathway upon surface adhesion of E. coli requires the outer membrane lipoprotein NlpE.
129 Cell contact with a hydrophobic surface may damage the outer membrane, trigger NlpE, and activate the Cpx pathway, which responds to envelope stress. As described above, the Cpx pathway also plays a role in biolm formation.
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Changes in phenotypes upon contact of cells with surfaces
Surface sensing triggers a variety of cellular changes. Many of the changes are morphological and facilitate attachment to surfaces. For example, cells of S. aureus preferentially localize bronectin-binding protein when presented with surfaces that display bronectin.
111 During E. coli cell adhesion, a decrease in OmpX in the membrane increases the production of EPS and alters antibiotic susceptibility. 131 During biolm formation, quorum sensing alters the charge on E. coli cells, 70 which inuences binding to surfaces presenting electrostatically attractive charges. Some organisms, including Helicobacter pylori 132 and S. aureus, 111 produce organelles for adhesion only upon cell contact with host tissues. In response to surfaces, P. aeruginosa activates the Wsp system, which consists of a complex of proteins that share homology to the chemotaxis system and dynamically localize in cells. WspA is a chemoreceptor-like protein that senses surfaces and transduces a signal through the other Wsp proteins that ultimately leads to the phosphorylation of WspR.
133 Phosphorylated WspR catalyzes the synthesis of cyclic-di-GMP (c-di-GMP), 134 which is implicated in biolm formation, the suppression of swarming motility in P. aeruginosa, 135, 136 and the regulation of several motility-or attachment-related systems in bacteria. 137, 138 In P. aeruginosa, c-di-GMP affects the activity of the transcription factor FleQ. FleQ, the master regulator of agella gene expression, also inhibits the expression of genes required for EPS synthesis (the pel operon). FleQ binds to c-di-GMP, and elevated levels of c-di-GMP in vivo relieve the inhibition of pel gene expression by FleQ. 139 The surface-induced increase and the subsequent role of c-di-GMP in P. aeruginosa is among the bestcharacterized mechanisms of bacterial surface sensing, and provides an example of the inuence of physical interfaces on bacterial biochemistry and physiology.
Pathogenic bacteria frequently decouple their division from growth and form laments in response to the presence of host surfaces. 140 The lamentation of uropathogenic E. coli facilitates the escape of cells from the host immune response during urinary tract infections.
141 Agrobacterium tumefaciens also la-ments upon contact with plant host tissues.
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Filamentation also occurs during the surface sensing-associated process of swarming. During swarming, a wide variety of changes occur in the global transcription of bacterial genes. 128, 143, 144 These changes produce signicant alterations in cell morphology, including an increase in the surface density of agella and cell length. 44 Swarming cells also upregulate several infection-related genes, including protease, urease, hemolysin, and proteins that facilitate host invasion.
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Interestingly, the physical properties of surfaces may inu-ence cell morphology and community structure. The marine bacterium SW5 adheres to and grows on both hydrophobic and hydrophilic surfaces; however, its growth into communities is inuenced by surface properties. Cells adhere uniformly to hydrophobic surfaces, form microcolonies, and grow into tightly packed multi-layer biolms. Fewer cells attach to hydrophilic surfaces, and changes in cell division lead to the formation chains of cells that are >100 mm long. These chains become loosely entangled to form relatively unstructured and less densely packed biolms.
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Methods of study
A challenge in the eld of microbiology has been the limited range of materials that are available for mechanistic studies of cell-surface interactions. Ironically, most of the surfaces that have been designed for studying bacteria are centered upon inhibiting cell growth and stimulating cell death rather than facilitating cell attachment and stimulating cell growth. A limited number of materials have been developed for studying various types of surface interactions and complement agar and agarose. EladiumÔ is a polysaccharide produced by Rhizobium that has been used to screen yeasts for their biolm-forming abilities.
146 Gellan (GELRITEÔ or GelzanÔ) is a heterosaccharide derived from Pseudomonas that has been used to culture a variety of clinically important bacteria.
147 Polyacrylamide (PA) gels 148 and polyelectrolyte multilayers (PEMs) 149 provide controllable surfaces for studies of cell-surface interactions.
In contrast to the limited materials that have been used to explore microbe-surface interactions, a wide variety of materials have been implemented to study mammalian cell attachment to surfaces. These biocompatible materials may be translated into studies of bacterial cell attachment and growth, and include: PA, 150 alginates, 151 bronectin-coated silicone elastomers (useful for making patterned substrates and for controlling the stiffness of surfaces), 152 poly(vinyl alcohol)/chitosan (a biocompatible copolymer), 153 and a wide variety of other synthetic and natural polymers. 154 Composite polymeric materials have expanded the available repertoire of surfaces and substrates. For example, gels consisting of hyaluronic acid (HA) and heparin are better substrates for the adhesion of endothelial progenitor cells than pure HA gels. 155 New classes of polymers for studying bacteria interactions with surfaces could facilitate a renaissance in this area.
Adhesion between bacteria and surfaces can be measured by a variety of methods, many of which have been reviewed by Bos et al. 58 Microbial adhesion to hydrocarbons (MATH) involves vortexing mixtures of bacteria and different hydrocarbons and quantifying bacteria adhesion to the hydrocarbon droplets that form. 58 The number of bacteria that adhere to different types of surfaces can be assayed using various labeling methods, including radioactivity, uorescence, and crystal violet staining. 156 Other methods include atomic force microscopy (AFM), total internal reection microscopy (TIRM), quartz crystal microbalance (QCM), and the use of liquid ow cells. 82, 83, [157] [158] [159] [160] Coating AFM tips with conuent layers of bacteria enables the measurement of the attractive or repulsive forces between bacteria and various materials. 161 An interesting extension of this technique involves attaching microbeads to an AFM cantilever and coating them with bacteria, growing the bacteria into a biolm, and measuring the adhesive and viscoelastic properties of the biolm at different stages.
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New opportunities for chemists, materials scientists, and engineers
Our understanding of the interaction of bacteria with surfaces is remarkably incomplete. This topic seems ideally suited for collaborations between microbiologists and materials scientists, chemists, and engineers as it is poised to benet from multidisciplinary approaches that are formulated to penetrate into a range of areas, including: (1) identifying the properties of surfaces that are sensed by bacteria; (2) elucidating the molecular mechanisms bacteria use to sense surfaces and their biochemical responses; and (3) determining how to modulate surface properties to provoke a desired cellular response, including changes in morphology, alterations in bioenergetics, or cell death.
One area in particular that may benet from contributions from the physical sciences is the impact of the conditioning layer of proteins that frequently precedes bacterial attachment to a surface. 90 Conditioning layers oen have the effect of rendering the underlying chemistry of the surface irrelevant, which translates into antimicrobial surfaces that have short lifetimes over which they are effective. Self-polishing and selfpeeling anti-fouling coatings consist of exposed layers that gradually delaminate over time and have been a moderately successful approach for overcoming bacterial attachment in industrial applications. 163 Laboratory studies of bacteriasurface interactions require prevention of conditioning layer formation. Materials scientists and engineers are uniquely positioned to tackle this challenge.
One difficulty in the study of cell attachment to surfaces is the measurement of cellular responses, in particular changes in gene expression. These assays typically require removing cells from the surface before analyzing mRNA levels. However, the advent of uorescent reporters enables the measurement of levels of gene expression in real time in cells attached to surfaces. An elegant demonstration of this technique is the measurement of yellow uorescent protein expression controlled by promoters of cell-state specic genes such as the gene encoding the agellin protein. 33 The availability of libraries of uorescent fusions to a large number of both promoters 164 and proteins 165 in E. coli may enable highthroughput screens to identify genes not previously associated with surface adhesion (e.g., by comparing broth-grown cells and biolms). Recent advances in surface enhanced Raman scattering (SERS)-specically the peptide-guided localization of nanoparticle probes to the bacterial membrane-may be applied to studying the chemistry of individual cells in bacterial communities and complement genetic proling approaches described above.
166,167
Bacterial surface sensing is a phenomenon that is still not well understood at the level of physical chemistry, biochemistry, genetics, and cell biology. The use of chemically and physically dened substrates and new analytical and biochemical techniques-including those described in this review and those yet to be developed-may have a transformative impact on our understanding of bacteria-surface interactions and guide applications in a range of areas, including agriculture, biomedicine, defense, dentistry, food safety, and industrial processing.
